The American Society of Clinical Oncology/College of American Pathologist (ASCO/CAP) guidelines on breast cancer currently recommend a cold ischemic time of o1 h, although data are limited. Breast resection specimens were subjected to variable cold ischemic time periods (0.5, 1, 2, 3, 4, 24, and 48 h) within the refrigerator and at room temperature. The study included 25 tumors, all of which had refrigerated samples. Nonrefrigerated samples (samples at room temperature) were present on 23 cases. Hormone receptors were semiquantitatively scored using the H-score method. Human epidermal growth factor receptor 2 gene ERBB2 (HER2) was scored using the ASCO/CAP guidelines. The results were compared with the core biopsy scores, which have negligible cold ischemic time period before fixation. Mild reduction in staining for hormone receptors was judged present if the H-score on the resection specimen was between one-half and three-fourth of the H-score at core biopsy. Significant reduction was judged present when the H-score on resection was less than one-half of the core biopsy H-score. Mild reduction in HER2 staining was judged present if there was one-step reduction; and significant reduction was judged present if there was two-step reduction in staining. A true reduction was judged present only when the reduction was consistently present for the increasing time interval. A focal reduction for a particular time sample was attributed to the heterogeneity of the tumor sample. Non-refrigerated samples are affected more by prolonged cold ischemic time than refrigerated samples. Cold ischemic time period of as short as one-half hour may occasionally impact the immunohistochemical (IHC) staining for progesterone receptor. Significant reduction in IHC staining for hormone receptors, and HER2, however, generally does not result until 4 h for refrigerated samples and 2 h for non-refrigerated samples. The ASCO/CAP guideline of cold ischemic time period of o1 h is a prudent guideline to follow. Modern Pathology (2012Pathology ( ) 25, 1098Pathology ( -1105 doi:10.1038/modpathol.2012 published online 30 March 2012 Keywords: breast carcinoma; cold ischemic time; ER/PR/HER2 All invasive primary breast cancers are analyzed for at least estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 gene ERBB2 (HER2), as these markers have been shown to be the most important prognostic and predictive factors in breast cancer. The patients with ER þ primary invasive breast cancer derive considerable benefit from endocrine therapy, while ER-negative tumors do not. Similarly to ER expression, PR expression by immunohistochemistry also provides prognostic and predictive information.
All invasive primary breast cancers are analyzed for at least estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 gene ERBB2 (HER2), as these markers have been shown to be the most important prognostic and predictive factors in breast cancer. The patients with ER þ primary invasive breast cancer derive considerable benefit from endocrine therapy, while ER-negative tumors do not. Similarly to ER expression, PR expression by immunohistochemistry also provides prognostic and predictive information. 1, 2 Accurate determination of biomarkers is essential for the proper management of breast cancer patients. [3] [4] [5] [6] [7] [8] The HER2 is overexpressed in B15-20% of breast carcinomas. [9] [10] [11] HER2 positivity is associated with higher rate of recurrence and mortality in newly diagnosed breast cancer patients, and agents that target HER2 are found to be effective in both the metastatic and adjuvant settings, reducing the risk of recurrence and mortality in patients with early stage disease. This makes HER2 overexpression analysis a standard of care and another useful marker for therapeutic decision making in breast cancer. [12] [13] [14] Tissue handling is one of the key pre-analytic variables that must be controlled according to the recent American Society of Clinical Oncology/ College of American Pathologist (ASCO/CAP) guidelines. 15 The progressive loss of activity of labile macromolecules after the surgical interruption of blood flow leading to tissue ischemia, acidosis, and enzymatic degradation has been documented. [16] [17] [18] [19] [20] The warm and cold ischemic times are accepted as important variables in the analysis of these macromolecules from clinical tissue samples. While it is not possible to control the warm ischemic time, cold ischemic time can be controlled with proper specimen handling. The standardization of cold ischemic time, which is the time between tissue removal and the initiation of formalin permeation of the tissue, is an important step to help ensure that differences in levels of protein expression for clinically relevant targets such as ER, PR, and HER2 are biologically meaningful and are not an artifact related to the manner in which the tissue was handled. 15 The current recommendation is to fix the breast resection specimen as quickly as possible in an adequate volume of fixative, to record the time of tissue collection, which is the time that the tissue is handed off and the time the tissue is placed in fixative, in order to document the time to fixation of the specimen. 15 The time from tumor removal to fixation should be kept to r1 h to comply with these recommendations. There is limited literature on the effects of delayed formalin fixation on ER, PR, and HER2 immunohistochemical (IHC) status. The specific aim of this study was to examine the impact of cold ischemic time on biomarker testing of invasive breast cancer samples.
Materials and methods
Tumor tissues were collected prospectively from invasive breast carcinomas resected at our institution within the past 1.5 years. All resection samples were collected from the operating rooms. The cases included in this study were not consecutive cases. Breast cancer specimens from patients who received neoadjuvant chemotherapy were excluded. Breast resection specimens that had more than sufficient tumor available for diagnostic purposes on gross inspection were considered for this study. Therefore, only large tumors (mostly 42 cm) were considered, as several tumor pieces from the same case were subjected to variable cold ischemic time periods (0.5, 1, 2, 3, 4, 24, and 48 h) within the refrigerator and at room temperature. Subsequently, the collected tissues were placed in 10% neutral phosphate-buffered formalin for 8-48 h before processing. Thereafter, tissue processing, embedding, sectioning, and staining were identical to other routine specimens. There was no change in our laboratory IHC protocols for this particular study; ie, pre-treatment, antigen retrieval, and staining platform were identical to those used for breast core biopsies.
The study included 25 cases, all of which had refrigerated samples. Non-refrigerated samples (samples at room temperature) were present on 23 cases. In addition to an H&E section, the study tissues were stained for ER, PR, and HER2. ER was assessed using antibody clone SP1 (Ventana, Tucson, AZ) and performed using the IVIEW detection on the Benchmark XT (Ventana). PR was assessed using antibody clone 1E2 (Ventana), and performed using the IVIEW detection on the Benchmark XT. HER2 protein was analyzed and scored using 4B5 antibody (Ventana) with IVIEW detection on the Benchmark XT. All cases were scored by one pathologist (RB).
Both qualitative and semi-quantitative analyses were performed for hormone receptors. Qualitative scoring was performed using ASCO/CAP criteria, ie, 1% cells with weak staining considered as positive for ER and PR. Semi-quantitative scoring for ER and PR was performed using the H-score method. 21, 22 The H-score is given as the sum of the percent staining multiplied by an ordinal value corresponding to the intensity level (0 ¼ none, 1 ¼ weak, 2 ¼ moderate, and 3 ¼ strong). With four intensity levels, the resulting score ranges from 0 (no staining in the tumor) to 300 (diffuse intense staining of the tumor). Mild reduction in staining for hormone receptors was judged present if the H-score on the resection specimen was between one-half and three-fourth of the H-score at core biopsy. Significant reduction was judged present when the H-score on resection was less than one-half of the core biopsy H-score. HER2 was qualitatively/semi-quantitatively scored using the ASCO/CAP guidelines, ie, HER2 scored as negative (IHC score 0 and 1 þ ), equivocal (IHC score 2 þ ), and positive (IHC score 3 þ ). Mild reduction in HER2 staining was judged present if there was onestep discordance (in IHC score) and significant reduction was judged present if there was two-step reduction in staining. The results were compared with the core biopsy scores, which have negligible cold ischemic times.
Concurrent with the resected study specimen, the prior diagnostic core biopsy that had been previously stained for ER/PR/HER2 using identical antibodies was also reviewed and rescored by the same pathologist (RB), but with a washout time interval of several hours. A true reduction was judged present only when the reduction was consistently present for the increasing time interval. A focal reduction for a particular time sample was attributed to the heterogeneity of the tumor sample.
The difference in mean H-scores between core biopsy samples and H-scores for different cold ischemic time periods was calculated using unpaired t-test (GraphPad Software, La Jolla, CA). A two-tailed P-value of o0.05 was considered as statistically significant.
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Results
The study included 25 cases, all of which had refrigerated samples. Non-refrigerated samples (samples at room temperature) were present on 23 cases. Four cases were negative for ER and PR on core biopsy, but these were included in the study because HER2 score on these cases was not 0.
Of the 25 refrigerated samples, 8 (32%), 6 (24%), and 6 (24%) cases showed reduction for ER, PR, and HER2 expression, respectively. Details of degree of reduced staining are shown in Table 1 . Of the 23 non-refrigerated (room temperature) samples, 11 (48%), 10 (43%), and 11 (48%) cases showed reduction for ER, PR, and HER2 expression, respectively. Details of degree of reduced staining are shown in Table 2 . Examples of reduced staining secondary to prolonged cold ischemic time for ER, PR, and HER2 are shown in Figures 1, 2, and 3 , respectively.
On 23 cases that had both refrigerated and nonrefrigerated samples, further analysis was performed by comparing the mean and median ER/PR H-scores of delayed fixation samples to corresponding core biopsies. The mean and median ER H-scores for core biopsy samples were 210 and 250, respectively. The mean and median PR H-scores for core biopsy samples were 132 and 125, respectively. The mean and median ER and PR H-scores for different cold ischemic time periods on refrigerated and nonrefrigerated samples are shown in Tables 3 and 4, respectively. Although the difference in mean H-scores (compared with core biopsy) did not reach statistical significance for refrigerated samples (Table 3) , the mean H-scores progressively reduced at a clinically significant level, especially for PR, from 4 h onward. In contrast, the reduction in mean H-scores was more marked in non-refrigerated samples and the difference (compared with core biopsy) became statistically significant at 3 h for ER and 24 h for PR (Table 4) .
We also analyzed the samples qualitatively to see if any sample converted from a positive to a negative result. In refrigerated samples, two cases became negative for ER (one at 24 h and one at 48 h) and three cases became negative for PR (two cases at 48 h and one case at 24 h). In non-refrigerated samples, one case became negative for ER (at 24 h) and three cases became negative for PR (one case at 4 h, one case at 24 h, and one case at 48 h). There was only one HER2 3 þ case, and this case showed same expression in both refrigerated and non-refrigerated samples for all time periods. Among the HER2 2 þ cases, one case showed one-step reduction starting at 4 h on refrigerated samples. In contrast, six cases showed one-to two-step reduction for non-refrigerated samples (two cases starting at 3 h, one case at 4 h, one case at 24 h, and two cases at 48 h).
Discussion
Hormone receptor expression remains the most important biomarker in breast cancer and is the cornerstone of optimal individual patient treatment decisions. The specific aim of this study was to examine the impact of cold ischemic time on biomarker testing of invasive breast cancer samples. The warm and cold ischemic times are widely accepted as important variables in the analysis of labile macromolecules such as proteins, RNA, and DNA from clinical tissue samples. Warm ischemic time is the time from the interruption of the blood supply to the tumor by the surgeon to the excision of the tissue specimen, whereas cold ischemic time is the time from excision to the initiation of tissue fixation. Numerous studies have documented the progressive loss of activity of labile molecules after the surgical interruption of blood flow. [16] [17] [18] [19] [20] The standardization of cold ischemic time is important and is a modifiable factor in proper assessment of biomarkers. The pathologist should effectively communicate this priority to all members of the breast care management team so processes are put in place to make sure the time of tissue collection, and the fixation start time is routinely recorded.
Prolonged tumor ischemia induced by delays in formalin fixation is known to cause decreased ER and PR expression. to their prior core needle biopsy ER and PR IHC assay results. They found that core needle biopsy specimens were associated with more frequent and higher levels of tumoral hormonal receptor proteins than modified radical mastectomy specimens. They concluded that delayed fixation of modified radical mastectomy tissues likely accounted for this finding and optimal selection of patients for hormonal therapies is dependent on tissue management strategies even before formal hormonal receptor protein testing procedures. 23 Khoury et al, 24 in their study of effects of delayed formalin fixation on 10 specimens that were kept at room temperature for 0, 10, 30 min, and 1, 2, 4, 8 h before fixation, concluded that ER expression began to decline after 2 h and PR expression after 1 h of cold ischemic time. Khoury et al 24 also reported that at 8 h of cold ischemic time, ER expression was completely negative, and they recommended that specimens be fixed ideally within 1 h of receipt, and not to be stored overnight at 4 1C. Their finding was that overnight storage at 4 1C yielded similar results to leaving specimens without fixation at room temperature for 8 h. This finding is in contrast to our finding that non-refrigerated samples are affected more by prolonged cold ischemic time than refrigerated samples, whereas our finding of general decline in hormone receptor expression with increasing cold ischemic time periods is in keeping with their findings.
Apple et al 25 studied the effect of pre-analytic variables of fixative type, fixation time, and 4 days of ischemic time on IHC accuracy for ER and PR. The authors stored an invasive lobular carcinoma specimen in a fresh state without any fixative in the refrigerator at 4 1C for 4 days (96 h) to assess the effect of prolonged ischemic time. After 4 days at 4 1C, the tumor showed no degradation and no differences in the quality of tissue on ER and PR IHC staining. The same group of authors published another similar study to analyze the HER2 IHC and fluorescence in-situ hybridization results, and found that cold ischemic time of 4 days at 4 1C did not alter the HER2 results. 25, 26 It is important to note, however, that these two studies were performed on a single case of strongly hormone receptor-positive ER/PR/HER2 and cold ischemic time tumor and on a single case of unequivocally HER2-positive tumor. Therefore, the results are not applicable to most clinical specimens. Qiu et al 27 looked into the effect of delayed formalin fixation on three different clones of ER (1D5, 6F11, and SP1) and PR (PgR636, 16, and 1E2) on the same group of cases as that of Khoury et al. 24 They found that for ER, delayed formalin fixation's effect on SP1 was less than 1D5 and 6F11 clones. The SP1 clone had more intense nuclear staining, low background, and no cytoplasmic staining when compared with 1D5 and 6F11 clones. Similarly to ER, it was found that delayed formalin fixation had 27 In our study, we used SP1 as ER clone and 1E2 as PR clone. Improving the accuracy of hormone receptor and HER2 testing to increase the utility of ER, PR, and HER2 as prognostic/predictive markers in breast cancer is an ongoing challenge. Our study supports the benefit of minimizing cold ischemic time for proper assessment.
Apart from delay in fixation (focus of the current study), duration of formalin fixation is thought to affect receptor results. The duration of formalin fixation was not significantly altered in this study. However, in a separate study (article in press), we have shown that there is no significant difference in semi-quantitative IHC scores for ER/PR/HER2 in breast carcinomas that are fixed for up to 96 h compared with standard 8-48 h fixation. Therefore, we believe that duration of formalin fixation did not impact our current results.
The results of our study show that non-refrigerated samples are more prone to reduced IHC staining for prognostic/predictive markers than refrigerated samples. Cold ischemic time of as short as one-half hour may occasionally impact the IHC staining for PR. Significant reduction in IHC staining, however, generally does not result until 4 h for refrigerated samples and 2 h for nonrefrigerated samples. In light of our findings, it is best to keep cold ischemic time as minimal as possible and ASCO/CAP recommendation of r1 h is a prudent guideline to follow. However, we do realize that following this guideline will require change in practice at some institutions. The surgeons will be required to submit specimens promptly to pathology laboratories. To avoid delays in sectioning, surgeons should follow standard protocols for specimen orientation and pathology laboratories should adopt standard inking key. Another challenging task for the pathology laboratories would be to designate a pathology assistant for promptly processing breast specimens. Standardization of the pre-analytic variables is difficult but at the same time very important. Pathologists have always played a key role in performing prognostic/ predictive marker testing, but to achieve the goal of r1 h cold ischemic time will require a team approach.
